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Area-scaling of organic solar cells
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We report on the performance of organic solar cells based on pentacene/C60 heterojunctions as a
function of active area. Devices with areas of 0.13 and 7 cm2 were fabricated on indium-tin-oxide
ITO coated glass. Degradation of the performance with increased area is observed and analyzed in
terms of the power loss density concept. The various power loss contributions to the total series
resistance RSA are measured independently and compared to the values of the series resistance
extracted from the current-voltage characteristics using a Shockley equivalent circuit model. The
limited sheet resistance of ITO is found to be one of the major limiting factors when the area of the
cell is increased. To reduce the effects of series resistance, thick, electroplated, metal grid electrodes
were integrated with ITO in large-area cells. The metal grids were fabricated directly onto ITO and
passivated with an insulator to prevent electrical shorts during the deposition of the top Al electrode.
By integrating metal grids onto ITO, the series resistance could be reduced significantly yielding
improved performance. Design guidelines for metal grids are described and tradeoffs are discussed.
© 2009 American Institute of Physics. doi:10.1063/1.3211850
I. INTRODUCTION
Organic photovoltaics have received great interest in re-
cent years due to the promising potential for the development
of large-area, low-cost, light-weight solar modules with
highly flexible form factors.1 Significant efforts have been
focused on improving the power conversion efficiency
through the synthesis of new light-harvesting molecules and
polymers2–4 and through tandem cell architectures.5 The








where Pinc is the incident power density, Jmax and Vmax are
the current density and voltage, respectively, at which the
maximum power is generated in the device, FF denotes the
fill factor, JSC is the short-circuit current density, and VOC is
the open-circuit voltage. However, less attention has been
given to understanding how the power conversion efficiency
scales with device area, and reports dealing with this impor-
tant issue are relatively scarce.6,7
Because solar cells, like all electronic devices, exhibit
series resistances that can never be completely avoided,
some generated power will be lost by dissipation through the
internal resistance of the device. Therefore, another impor-
tant quantity to consider in the optimization of the efficiency
of a cell is the total resistive power loss per unit area PR,










where RS is the series resistance in the device and A is the
area of the device. Equation 2 clearly illustrates that the
resistive power loss per unit area is proportional to the series
resistance RSA and that consequently the effects of parasitic
series resistance are likely to play a more prominent role as
the area of the cell is increased. Therefore, methods are
needed to evaluate this power loss and relate it to the perfor-
mance of solar cells.
In this paper, we present a study of the area-scaling of
organic solar cells based on pentacene/C60 heterojunctions
8
with active areas of 0.13 and 7 cm2. The current-voltage
J-V characteristics of these devices are fitted using an
equivalent circuit model that relates the parameters of the
model to physical characteristics of the cell. The model al-
lows one to study the effects of the value of each parameter
on the J-V characteristics and consequently on the power
conversion efficiency by simple numerical simulation.
Power loss calculations show that the organic semicon-
ductors contribute more to the resistive power loss than the
indium-tin-oxide ITO in small-area devices. However,
power loss from the ITO is the only area-scaling parameter.
Based on the power loss analysis, we propose electroplated
metal grids which are integrated with the ITO layer as a
route to reduce the resistive losses.
The grid structures are passivated with photoresist to
prevent electrical shorts between the ITO and the metal elec-
trode. Even though the metal grid structures introduce addi-
tional power losses such as contact loss between the ITO and
the metal, resistive power losses from the grid itself, and
shadow power loss, overall resistive power loss is reduced
because of the reduced power loss from the ITO layer. Im-
proved performance of large-area devices with an integrated
metal grid is enabled by reduced RS for these devices, as
calculated from the equivalent circuit model. Finally, we
show the effects of RS on the overall solar cell performance
by using the equivalent circuit model.
aAuthor to whom correspondence should be addressed. Electronic mail:
kippelen@ece.gatech.edu.
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II. SMALL-AREA AND LARGE-AREA ORGANIC
SOLAR CELL FABRICATION AND TESTING
To understand how area-scaling affects the performance
of organic solar cells, small-area and large-area solar cells
based on pentacene/C60 heterojunctions with active areas of
0.13 small area and 7 cm2 large area were fabricated.
The devices under study consisted of pentacene as the donor,
C60 as the acceptor, and bathocuproine BCP as an exciton-
blocking layer. The device geometry was ITO/pentacene 50
nm/C60 45 nm/BCP 8 nm/Al, as shown in Fig. 1a.
8,9 All
of the organic materials were purified at least once by ther-
mal gradient sublimation.10 ITO-coated glass Colorado Con-
cept Coatings LLC with a specified sheet resistance of
15  /sq was used as the substrates. The organic layers
and Al were deposited by vacuum thermal evaporation with-
out breaking vacuum between depositions. Active areas of
0.13 and 7 cm2 were created by patterning the ITO and de-
positing the Al through a shadow mask. The active area of
the ITO was 0.46 cm in length and 0.28 cm in width for the
small-area device and 2.85 cm in length and 2.45 cm in
width for the large-area device. Unlike the small-area de-
vices, the large-area cell had contacts to the ITO at both ends
of the cell, which will be discussed in more detail later. The
photovoltaic properties were measured in ambient air. An
AM1.5G solar simulator Oriel, 91160 was used as the light
source, and the intensity of the incident light was measured
with a thermal optical power sensor detector area
=2.85 cm2. The J-V characteristics were measured with a
Keithley 2400 source meter in a four-wire connection
scheme.
J-V characteristics for the small-area device are shown
in Fig. 1b in the dark and under illumination. The short-
circuit current density JSC and open-circuit voltage VOC
were 6.0 mA /cm2 and 401 mV under an illumination of
104 mW /cm2. A FF of 0.54 yields a power-conversion
efficiency of 1.2% for the small-area device. These results
are in the range of what has been reported previously for
pentacene/C60 solar cells.
8,11–13
Figure 1c shows the J-V curves for the large-area cell
in the dark and under illumination. Efficiency significantly
drops for the large-area cell and is only about one-third that
of the small-area cell at 0.41%. The decrease in efficiency is
caused by decreases in all of the performance parameters. FF
decreased by almost half and is 0.29 for the large-area device
compared to 0.54 for the small-area device. JSC and VOC also
declined significantly to 4.5 mA /cm2 and 338 mV for the
large-area device. To begin to explain the large differences in
performance between the two cells, the equivalent circuit
model will be used as a means to parametrize the J-V curves
with terms that can be related to physical properties in the
solar cells.
III. EQUIVALENT CIRCUIT MODEL
The J-V characteristics of organic solar cells can be stud-
ied in more detail by fitting and parameterizing the curves
with the equivalent circuit model. Because the parameters of
the model can be related to different processes in the cell, the
effect of specific aspects of the cell architecture on perfor-
mance can be predicted, and the most critical aspects can be
targeted for improvement. While the equivalent circuit model
was originally developed for inorganic solar cells, it has been
found to be also applicable to organic solar cells.9,14
The equivalent circuit is shown in Fig. 2 and consists of
a diode, a dc current source, a shunt resistance, and a series
resistance. The diode represents the behavior of an ideal so-
lar cell in the dark and is parameterized with an ideality
factor n and a reverse saturation current density J0. The dc
current source represents the photocurrent density Jph gener-
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FIG. 1. a Device geometry. b Experimental shapes and fitted solid
lines J-V characteristics for a small-area device in the dark circles and
under illumination squares. Inset: full range curves on semilogarithmic
scale. c The same for a large-area device.
RSA
Jph J0,n RPA V
J
FIG. 2. Equivalent circuit model Ref. 9.
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is included to account for leakage in the diode from sources
such as pinholes and recombination. Finally, the series resis-
tance RS is related to the finite resistance of the bulk materi-
als of the diode, the resistance of the electrodes, and the
contact resistances between adjacent layers. With the knowl-
edge of a given set of parameters n, J0, Jph, RS, RP, the J-V
characteristics can be simulated with the equation
J = J0exp	V − JRSAnkT/e 
 − 1 + V − JRSARPA − Jph, 3
where A is the active area, k is the Boltzmann constant, T is
the temperature, and e is the elementary charge. Hence, the
effects of the value of each parameter on the J-V character-
istics and consequently on the power conversion efficiency
can be simulated numerically very easily.
The parameters n, J0, Jph, RP, and RS can all be extracted
from the J-V measurements of a device by fitting the model
to experimental data.9 Estimates of RS and RP can be found
from the inverse slopes of the forward and reverse character-
istics, respectively.15 When fitting data in the dark, the esti-
mates of RS and RP can be used to effectively remove the
effect of the resistances on the diode by defining V=V
−JRSA and J=J−V /RPA. J0 and n can then be calculated
from the y-intercept and slope, respectively, of a straight line
fit to the linear portion of lnJ versus V in the forward
bias. When fitting data under illumination, the additional ex-
perimental parameters of FF and JSC are used, and J0 and n
can then be calculated as the values that give the same FF
and JSC as measured experimentally for the given estimates
of RS and RP. RS and RP are then varied until the minimum
of a sum of least squares between the experimental and fitted
values over the entire curve is found. It should be noted that
because current density will be compared between devices
with different areas to facilitate comparison of the device
characteristics, RSA and RPA are used hereafter to represent
the series resistance and the shunt resistance, respectively.
Fits to the equivalent circuit model are shown in Figs.
1b and 1c as solid lines for the small-area and large-area
devices, respectively. The parameters for the fits are listed in
Table I. It is clear from the graphs that the model fits the
experimental data well over the entire range of voltages from
1 to 1 V both in the dark and under illumination. This
model is especially useful because the entire curve can be
described with only five parameters, which prevents the
model from becoming too complex. Looking at the param-
eters in Table I, the RSA and RPA change the most between
the two devices. RSA increases more than 23-fold while the
RPA decreases as much as threefold when the active area
increases from 0.13 to 7 cm2. Upon illumination, both de-
vices exhibit slightly increased series resistance and greatly
reduced shunt resistance, and RSA is clearly the most im-
pacted parameter as area is increased.
The equivalent circuit model can be used to verify that a
change in series resistance can have such a strong influence
on device performance by varying the RSA and holding the
other parameters constant. Figure 3 illustrates how changing
the RSA affects the shape of the J-V curves using the model
parameters for the large-area device. The graphs show that
JSC and the current density and voltage at which maximum
power is produced are all lowered as RSA increases substan-
tially. These effects result in a lower maximum power output
and FF for the cell, therefore decreasing the efficiency. Ac-
cording to Eq. 2, an increase in RSA is also expected to
increase the amount of generated power lost through resis-
tive dissipation, thereby lowering efficiency. To design effi-
cient solar cells with large areas, the mechanisms that con-
tribute to the series resistance and power loss as cell area is
increased must be understood.
IV. ANALYSIS OF POWER LOSS AND SERIES
RESISTANCE
Knowing where power is lost in a solar cell and how the
device geometry and structure affect the power loss and se-
ries resistance is important for the design of large-area solar
cells. Calculating power loss densities of various resistive
layers of a solar cell has been used to analyze the electrical
characteristics of both inorganic and organic solar cells.6,16
The resistive power loss density depends on the resistivities
of the electrodes and the organic semiconductors and the
contacts between film interfaces,17 and is given by
TABLE I. Comparison of equivalent circuit model parameters for the small-
and large-area devices. L and W are the length and width of the solar cell,
respectively.  depends on the interconnect contact geometry refer to Fig.
4. J0 and n are the reverse saturation current density and ideality factor of
the diode, respectively. RSA and RPA are the series and shunt resistance in
the equivalent circuit model refer to Fig. 2.
Parameter Small-area device 0.13 cm2 Large-area device 7 cm2
L cm 0.46 2.85




illumination In the dark
Under
illumination
J0 A /cm2 0.22 0.02 0.80 0.01
n 1.59 1.28 1.68 1.02
RSA  cm2 2.1 2.8 49.2 52.1
RPA  cm2 221 000 361 64 100 157
0
2
FF = 0 45











J0 = 0.01 μA/cm
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Jph = 4.5 mA/cm
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ty FF = 0.27
η = 0.22%
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FIG. 3. Effect of series resistance RSA on organic photovoltaic
performance.
054507-3 Choi, Potscavage, Jr., and Kippelen J. Appl. Phys. 106, 054507 2009
Downloaded 29 May 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
PR = PITO + Porganic + Pcontacts + PAl, 4
where PITO and Porganic are the resistive power loss densities
of the ITO and organic semiconductors, respectively. Pcontacts
include all the interfacial contact power loss densities be-
tween films, such as metal-organic and organic-organic inter-
faces. PAl is the resistive power loss of the cathode, which is
aluminum in this case.
For a device structure as shown in Fig. 4, the power loss







where Rsheet-ITO is the sheet resistance of the ITO in  /sq, L
is the length of the solar cell, and  is determined by the
number of interconnect contacts. For example,  is 3 when
only one of the interconnect contacts is used, whereas it is 12
when both contacts are used. Details of the calculation can
be found in the Appendix. It is assumed that all of the gen-
erated current flows in a direction normal to the edge. There-
fore, solar cell width W does not affect the power loss
density. Note that by utilizing both contacts along the oppo-
site edges, the losses are considerably reduced.19 In this re-
search, the small-area device has only one interconnect con-
tact due to its small size while the large-area device utilizes
two contacts on both edges, as shown in Fig. 4. The power
loss density of the organic semiconductors can be calculated
the same way as for the bulk layer in silicon solar cells and is
given by18
Porganic = Jmax
2 pentacenetpentacene + C60tC60 , 6
where  is the resistivity in  cm and t is the thickness of the
organic semiconductor layers Fig. 4.
Equations 5 and 6 show that the power loss density
from the ITO depends on the length of the active area along
which photogenerated current flows, whereas the power loss
density of the organic semiconductors is not a function of
area. In fact, power loss density increases with area only
when the photogenerated current flows in the x-y plane Fig.
4 of the active area, i.e., the ITO or cathode, since increas-
ing the active area makes the photogenerated current travel a
longer distance before it is collected at the external elec-
trodes, thereby increasing series resistance. Furthermore, the
position of the contacts in the devices here causes current to
flow primarily in the x-direction, so PITO depends on only L
and not W. On the other hand, the resistive components of
the organic solar cell in which the photogenerated current
flows perpendicular z-direction in Fig. 4 to the active area
do not contribute to the area-dependent power loss density
since increasing the area does not increase the path that the
current travels. Instead, the power loss density of the organic
semiconductors depends only on the film thickness, as shown
in Eq. 6.
Looking at the remaining terms in Eq. 4, the power
loss density from interfacial contacts does not scale with area
because it is z-direction component. Power loss from the
cathode electrode PAl scales with area since the photoge-
nerated current flows along the x-y plane of the cathode.
However, its contribution to the power loss is ignored here
because of its relatively higher conductance compared to
ITO. Furthermore, its resistive power loss can be reduced by
simply increasing the cathode thickness.
Resistive power losses affect the performance of the so-
lar cell by increasing the series resistance,20 which is given





At a given photogenerated current density, the value of RSA
is proportional to the resistive power losses. RSA for these




L2Rsheet-ITO + tpentacenepentacene + tC60C60 . 8
Because of the dependence on L2 from the ITO component,
RSA will increase with the length of the device. It is well
known that the series resistance is a parameter which can
limit the performance of a solar cell by reducing both FF and
photocurrent for both inorganic and organic solar cells.20–26
Therefore, the effective series resistance of the ITO film
must be minimized to prevent the overall power conversion
efficiency from decreasing as the area increases.
V. ANALYSIS OF SERIES RESISTANCE WITH GRID
ELECTRODE
One way to decrease the overall resistance of the anode
is by fabricating metal grids on top of the anode that can
provide an alternative, low-resistance pathway for current.
The metallic grids consist of finger electrodes branching out
from a busbar electrode, as shown in Fig. 5. Photogenerated
current travels through the ITO, gets collected by the nearest
finger electrode, and then is delivered into the busbar
electrode, which is connected directly to the external leads.
Such a grid has been demonstrated with a poly3,4-
ethylenedioxythiophene:polystyrenesulfonate PEDOT:
PSS film as the anode in an attempt to develop a transparent
anode that is a cheaper alternative to ITO.27–30 While the
PEDOT:PSS alone can act as a transparent anode, a grid was
needed to lower the series resistance because PEDOT:PSS
has a significantly higher resistance relative to ITO. In this
research, the grid will be applied to maintain a low effective















FIG. 4. Description of current flow in organic solar cells. Current flow on
the x-y plane contributes to the area-scaling loss while current flow along
the z axis does not.
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comes large. This approach could also be applied to other
cheaper transparent electrodes that are not ITO in the future.
Metal grids are also used in conventional silicon solar
cells and are placed on top of the n-type semiconductor as a
cathode. The grid can be placed on top because no transpar-
ent electrode covering the entire area is needed since the
n-type semiconductor is sufficiently conducting in the plane
of the device to act as a moderately resistive cathode. Since
the silicon wafer is between the metal grid and the anode,
which coats the back of the wafer, both electrodes are well
isolated.31 Considering Fig. 1a, the grid for an organic de-
vice must be fabricated directly on top of the ITO with the
organic layers and cathode subsequently deposited. An addi-
tional passivation is therefore needed on top of the metal grid
because the thin organic layers 100 nm might not ad-
equately coat the thick metal grid 3.4 m to isolate the
grid from the cathode.
The power loss densities of a solar cell with an inte-
grated metal grid must be studied to verify that the grid
structure can decrease losses and increase efficiency. In ad-
dition to the resistive power losses of the ITO and organic
semiconductors, the metal grid structure introduces addi-
tional power losses such as contact loss between the ITO and
the grid, resistive power losses from the grid itself, and a
shadow power loss. The shadow power loss is associated
with shadow areas, which are created by the metal grid
blocking the incoming sunlight. As with the devices without
a grid, the total resistive power loss density can be written as
a sum of power loss densities for a device with a grid,
PR
grid = PITO
grid + Porganic + Pcontacts + PAl + Pfinger + Pbusbar,
9
where PITO
grid is the power loss density from the ITO when a
grid is present, and Pfinger and Pbusbar are the power densities
dissipated in the fingers and busbars of the grid, respectively.
As with the devices without a grid, the power loss density
from the Al cathode will be neglected.
Power loss densities of a solar cell with an integrated
metal grid can be calculated based on the unit cell concept.19
The unit cell is defined such that the total photogenerated
current leaves the unit cell only through the busbar and no
photogenerated current flows across any of the unit cell
edges. The individual power loss calculations for each com-
ponent of the unit cell are well explained elsewhere,19,31 and
the corresponding series resistance equations calculated from
the power loss densities using Eq. 7 are summarized in
Table II for a grid with the geometry shown in Fig. 5. The
power loss density is calculated based on the Jmax and Vmax,
and it is assumed that Jmax is uniform over the cell surface.
However, the series resistance RSA is not affected by either
the Jmax or Vmax and is obtained by adding all series resis-
















where each of the terms, from left to right, represents the
series resistances of the ITO, the organic layers, the ITO/Cu
interface, the finger electrodes, and the busbar electrode. It is
worth mentioning that power loss density should not be used
for comparison when Jmax of the devices is not the same.
Instead, RSA should be used in that case because it does not
depend on Jmax.
Equation 10 can now be compared to Eq. 8 to see
how series resistance differs for the devices with and without
a grid. The first term in each equation accounts for the resis-
tance from the ITO. When the grid is included, the ITO
resistance scales only with the spacing between the finger
electrodes s instead of with the length of the entire device L.
Thus, the contribution to resistance from the ITO for a large-











FIG. 5. Large-area solar cell with a grid. The unit cell is defined such that
the total photogenerated current leaves the unit cell only through the busbar
and no photogenerated current flows across any of the unit cell edges.
TABLE II. Contributions to RSA for the unit cell in a solar cell with metal
grids. Pshadow is the shadow power loss density. The units used for the power
loss densities are mW /cm2. Jmax and Vmax are the photogenerated current
density and voltage at the maximum power generation point. Rsheet-ITO is the
sheet resistance of the ITO in  /sq. s is the space between finger electrodes.
Rsmf and Rsmb are the sheet resistance of the metal finger electrodes and
busbar, respectively. rspecific is the specific contact resistance in  cm
2 be-
tween the ITO and the copper grids. pentacene and C60 are the resistivity of
the pentacene and C60, respectively. tpentacene and tC60 are the film thickness
of the pentacene and C60, respectively. wf and wb are the width of the finger
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pend on area when a grid is used as long as the finger elec-
trode spacing is small. However, introduction of the grid
adds three new terms for the resistance of the finger elec-
trodes and busbar of the grid and for the contact resistance
between the grid and ITO. All three terms will depend on the
spacing and width of the finger electrodes or the width of the
busbars. While the terms for the finger electrode and busbar
resistance depend on the unit cell area of the cell, they can be
kept small because of the low resistivity of the metal. Ideally,
the performance of solar cells with a grid should not depend
on the area as long as the cell keeps the same unit cell di-
mension with negligible grid resistance as the area increases.
Finally, resistance from the organic layers does not change
because the current flows in the z-direction.
While most of the variables in Eq. 10 come from the
geometry or material properties, one additional parameter
that must be measured is the specific contact resistance
rspecific between the ITO and the metal grid. The transfer
length method TLM, sometimes called the transmission
line method, is often used to measure specific contact resis-
tance rspecific , cm2 and sheet resistance  /sq
simultaneously.32 Specific contact resistance is widely used
since it is independent of the contact geometry.33 Specific
contact resistance includes not only the actual interface but
also the regions immediately above and below the
interface.32 To find rspecific, the total resistance is first mea-
sured between consecutive electrodes on a conducting strip
with varying lengths l between each electrode. The total re-





l + 2RC, 11
where Rsheet is the sheet resistance of the conducting strip in
 /sq, Wd is the width of the electrodes, l is the space be-
tween electrodes, and RC is the contact resistance in ohm.








The sheet resistance of the ITO can be calculated from Eq.
11 by multiplying the slope of the graph of l versus Rtot
with the electrode width Wd.
VI. METAL GRID ELECTRODE FABRICATION AND
CHARACTERIZATION
In this research, a metal grid fabricated on top of ITO by
electroplating was used as the anode for a large-area solar
cell. ITO-coated glass was diced into 1.51.5 in.2 sub-
strates, and an active area of 7 cm2 was created by pattern-
ing the ITO using chemical wet etching. Then, the ITO was
cleaned in sequential ultrasonic baths of soap, acetone, and
isopropanol for 60 min each. Seed layers consisting of 20 nm
of chromium and 200 nm of copper were deposited over the
entire ITO surface using a filament evaporator. Electroplating
mold structures were created with a thick photoresist Ship-
ley SPR220. Copper plating solution was prepared by mix-
ing 250 mg CuSO4–5H2O and 25 ml H2SO4 in 1 liter of
de-ionized water.34 3.4 m of copper was electroplated by
applying a dc current density of 15 mA /cm2 Fig. 6a. The
molding structures were removed using a photoresist re-
mover Shipley Microposit Remover 1165 at 80 °C for 10
min. Photoresist Futurex NR9-8000P was used to form a
passivation layer on top of electroplated grids Fig. 6b.
The passivated area accounts for 14.3% of the ITO area.
Finally, the chromium and copper seed layers were removed
by wet chemical etching. By removing the seed layer in the
last step of the fabrication, the ITO surface is protected from
possible contamination during the passivation process. Be-
fore organic semiconductor deposition, the ITO surface was
treated with oxygen plasma35 and phosphoric acid36 20%
P3HO4 for 10 min. After rinsing with de-ionized water and
drying on a hotplate, the devices were transferred into a
vacuum thermal evaporator Spectros, Kurt J. Lesker, and
the organic layers and aluminum were deposited without
breaking the vacuum in the same batch as the large-area
device without a grid. The photovoltaic properties were mea-
sured in ambient air under an AM1.5G solar simulator Oriel,
91160 with an irradiance IL=108 mW /cm2 and in the dark.
The fabrication sequence and geometry of the device are
shown in Fig. 6. The dimensions and parameters of the fab-
ricated device are listed in Table III.
To measure the specific contact resistance, TLM patterns
were created in which 15 electroplated copper contacts are
arranged with different spacing on an ITO strip Fig. 7a.
Three different ITO strips with TLM patterns were fabricated
and measured. ITO was patterned and copper contact elec-
trodes were fabricated with the same processes that were
used for the metal grid of the large-area solar cell.
VII. RESULTS AND DISCUSSION
To calculate the various contributions to series resis-










FIG. 6. Fabrication sequence: a ITO patterning, seed layer deposition
chrome 20 nm and copper 200 nm, mold structure creation, and copper
electroplating; b metal grid passivation, seed layer removal, and organic
layers and cathode electrode deposition; c complete device.
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determined. While most of the values could be found in the
literature or from the device geometry, the specific contact
resistance between the ITO and copper grid had to be experi-
mentally measured. Three different ITO strips with TLM pat-
terns of electroplated copper were fabricated and measured,
as shown in Fig. 7. Using Eqs. 11 and 12 with the data in
Fig. 7b, the average specific contact resistance and ITO
sheet resistance were measured to be 117  cm2 and
13.7  /sq, respectively. For the resistance of the organic
layers, pentacene and C60 were taken from Ref. 37. All of the
parameters used for the calculations are listed in Table III.
Using Tables II and III, the various contributions to se-
ries resistance were calculated and are listed in Table IV. For
the device without a grid, the total series resistance com-
prises of only the ITO and organic semiconductor layers and
is calculated using Eq. 8. Considering only nongrid de-
vices, most of the series resistance is contributed by the or-
ganic semiconductors 79% for the small-area device while
the ITO layer 78% dominates for the large-area device
Table IV. This means that more power is lost in the ITO
layer as the area increases. When metal grids are used for
large-area solar cell devices, series resistance from the ITO
0.01  cm2 is negligible compared to the series resistance
from the organic semiconductors 2.5  cm2. However, the
shadow loss 130 W /cm2 is greater than the total resistive
power loss 35 W /cm2 for the metal grid integrated de-
vice, which indicates excessive coverage with metal grids.
Optimum grid design is achieved when the resistive power
loss and the shadow loss are the same and can be obtained by
making the finger electrodes narrower in width and/or wider
in spacing to decrease shadowing and increase resistance.31
The power loss associated with the contact resistance of the
grid was negligible compared to other sources of power loss
in the cells.
J-V characteristics of the large-area device with the
metal grid along with the large-area and small-area devices
without a metal grid in the dark and under illumination are
shown in Fig. 8. The performance parameters for this device
along with the two previously presented devices are listed in
Table IV. Although the area of the grid device that is passi-
vated with photoresist does not contact the organic layers
and does not contribute photocurrent or diode current to the
device, an active area of 7 cm2 was used to calculate the
photocurrent density for both the large-area devices with and
without metal grids for comparison. RSA and RPA were cal-
culated from the forward- and reverse-bias characteristics
under illumination, respectively.
Compared to the large-area device without a metal grid,
the device with a grid exhibits improved overall perfor-
mance, and a significant decrease and increase in RSA and FF
are observed, respectively. A reduction in almost one order of
magnitude was achieved for RSA, thereby improving FF by
more than 75%. Furthermore, JSC increased from 4.5 to
4.9 mA /cm2 even though less area contributed to the pho-
tocurrent generation because of the shadowing from the
metal grids. In other words, the effective JSC of the metal
grid integrated device is 5.7 mA /cm2 when only the photo-
current generating area 7 cm285.7%=6 cm2 is consid-
ered, which is close to the 6.0 mA /cm2 of the small-area
device. With the improved JSC and FF, the power conversion
efficiency is greatly increased to 0.77% compared to 0.41%
for the large-area device without a grid.
The large-area device with a grid exhibited comparable
performance to the small-area device in terms of FF and RSA.
FF and RSA were 0.51 and 5.6  cm
2 for the large-area
device with a grid and were much closer to those of the
small-area device FF and RSA of 0.54 and 2.8  cm2, re-
spectively compared to the large-area device without a grid.
However, the photocurrent is still 18% lower for the device
with a grid because of the shadowing from the grid. Overall,
the small-area device exhibited higher power conversion ef-
ficiency than the grid device because of the higher series
resistance and lower photocurrent of the grid device. In ad-
dition, nonuniform organic semiconductors associated with
TABLE III. Dimensions and parameters of the metal grid integrated large-
area solar cell. rspecific, Rsmf, and Rsmb represent the specific contact resistance
and sheet resistance of the finger electrode and busbar electrode, respec-
tively. The unit cell is 1.42 cm in length and 1.23 cm in width Fig. 5.
Parameter Value Parameter Value
L cm 2.85 rspecific  cm2 117
W cm 2.45 Rsheet-ITO  /sq 13.7
Jmax mA /cm2 3.6 Rsmf  /sq 0.006
Vmax V 0.23 Rsmb  /sq 0.006
wf m 50 tpentacene  cm2
a 1.4












Strip #2 (y = 0.56x + 3.49)
















Electrode space (l) [µm]
(b)
FIG. 7. a Micrograph of TLM test patterns on an ITO strip. wd is the width
of the electrodes and l is the space between electrodes. b Total contact
resistance Rtot plotted for different electrode spacings on three different
ITO strips. The specific contact resistance and the ITO sheet resistance are
calculated from the slope, and the contact resistance is found at the intercept
at l=0.
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larger areas may also contribute to the lower efficiency of the
grid device compared to the small-area device, although uni-
formity studies have not yet been conducted.
According to the calculation, the series resistance of the
grid device was lowest among the three devices. The grid
device exhibited a 75% lower calculated series resistance
compared to the large-area device without a grid, whereas
there was an 89% reduction in the series resistance deter-
mined from experiment. For the large-area device without a
grid, the discrepancy between measured and calculated series
resistance is the largest compared to the others because of the
assumption that was made when Eq. 5 was derived. It was
assumed that all of the current flows in a direction normal to
the edge and that this is the shortest path in a given solar cell.
However, because of the point contact on each edge Fig.
6c, this assumption is no longer valid. For the fabricated
large-area device without a grid, photogenerated current
flows toward the point interconnect contacts, which are not
always perpendicular to the direction of the current flow.
Thus, Eq. 5 yields lower values than the experiment be-
cause the average current path length is longer than what is
assumed in the calculation. The small-area device exhibited
smaller error because of its small size compared to the large-
area device.
As was stated before, both FF and efficiency were
greatly affected by the series resistance Fig. 3. The equiva-
lent circuit model was simulated at the series resistance
RSA of 5 and 50  cm2, and the results are summarized in
Table IV. The diode parameters used for this simulation were
extracted from the J-V characteristic curve of the large-area
device with a grid under illumination. The equivalent circuit
model simulation predicted FF of 0.51 and power conversion
efficiency of 0.78% when the RSA was 5  cm
2 and they
were reduced to 0.34% and 0.42% when the RSA was in-
creased to 50  cm2. For the large-area device with a grid
RSA=5.6  cm2, FF and efficiency were 0.51 and 0.77%,
and they were 0.29 and 0.41% for the large-area device with-
out a grid RSA=52.1  cm2. This indicates that the
equivalent circuit model simulation and the measurement are
in good agreement.
VIII. SUMMARY
In summary, area-scaling performance of organic solar
cells was studied based on pentacene/C60 heterojunctions.
Small-area devices 0.13 cm2 were prepared as reference
samples and large-area devices 7 cm2 were fabricated with
and without a grid. Various power loss contributions were
TABLE IV. Experimental solar cell performance from the measurements and predicted performance from the calculation. The measured series resistance is










W /cm2ITO Organic Grids Contact Total
0.13 0.97 2.5 ¯ ¯ 3.5 ¯ 4.4 68
7 no grid 9.27 2.5 ¯ ¯ 11.8 ¯ 2.5 74




















0.13 6.0 401 4.4 300 0.54 1.23 361 2.8 54
7 no grid 4.5 338 2.5 180 0.29 0.41 157 52.1 325
7 with grid 4.9 342 3.6 230 0.51 0.77 429 5.6 73


















With grid 4.8 340 3.3 252 0.51 0.78 199 5 54
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FIG. 8. Experimental J-V characteristics of the large-area device with a grid
solid and the small-area dashed-dot and large-area dashed devices with-
out a grid in the dark and under illumination. Inset: full-range curve for the
grid device in semilogarithmic scale for comparison with the devices in Fig.
1.
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discussed and studied by means of the power loss density
concept, which led to the calculation of series resistance. The
equivalent circuit model was used to study the effects of the
series resistance on the overall performance of organic solar
cells in both small- and large-area devices.
The model fitted the experimental data well over the
entire range of measurement voltages both in the dark and
under illumination. The model clearly indicated that series
resistance was the most impacted parameter as solar cell area
increases under illumination. The series resistance increased
more than 23-fold when the solar cell area increased from
0.13 to 7 cm2. To study the effects of the series resistance
increase on the overall solar cell performance, the equivalent
circuit model was simulated by varying the series resistance
while holding other parameters constant. The simulation
showed that JSC and FF were substantially lowered as series
resistance was increased, thereby decreasing power conver-
sion efficiency.
While the equivalent circuit model suggested that series
resistance increased as solar cell area became large and as a
result the performance parameters such as JSC, FF, and 
were reduced, power loss analysis helped to understand
where and how much photogenerated power was lost. Fur-
thermore, series resistance, which is independent of operat-
ing current and voltage, was easily derived from the power
loss calculation and used to compare small- and large-area
device performance. Provided the cathode, Al in this case, is
highly conductive and thick, the analysis indicated that the
series resistance contribution from the ITO was the only
area-scaling component of the organic solar cell, therefore
limiting power conversion efficiency as solar cell area in-
creases. While only organic multilayer solar cells were stud-
ied in detail here, the modeling procedure can also be applied
to organic bulk-heterojunction cells.
Based on the discussion above, it has been shown that
the equivalent circuit model and series resistance analysis are
comprehensive tools to understand the area-scaling perfor-
mance of organic solar cells. Furthermore, electroplated
metal grid integration with ITO was successfully demon-
strated as a promising technology for large area organic solar
cells by minimizing series resistance. The measurement re-
sults are well matched to the predictions of the equivalent
circuit model and the power loss calculations. The developed
metal grid integration platform will be useful not only for
large-area single organic solar cells but also for organic solar
cell modules by minimizing series resistance. While metal
grids were implemented here on the large-area device
7 cm2, the same design can be applied to much larger ar-
eas without significantly increasing resistive power loss den-
sities by using the same grid spacing with a thicker grid.
However, uniform film deposition over the large-area surface
is also required for area-independent performance. The thick
metal grid approach will be essential as the current density of
the organic solar cell increases.
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APPENDIX: ITO POWER LOSS DENSITY
CALCULATION
The power loss in the unit cell associated with the cur-
rent which flows through the ITO layer is given as
pITO = Imax2 dR , A1
where I is the lateral current which flows normal to the in-
terconnect contacts Fig. 9,
Imax = JmaxWx . A2





where Rsheet-ITO is the sheet resistance of the ITO in  /sq.
Combining Eqs. A1–A3, the power loss in the unit cell
















2 L3WRsheet-ITO mW . A6
Therefore, the power loss density at the maximum power










































FIG. 9. Solar cell with interconnect contacts. Total area of the cell is LW.
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If both interconnect contacts on the edges are used, then











2 L3WRsheet-ITO mW . A10
Therefore, the power loss density when both interconnect















2 L2Rsheet-ITO mW cm2 . A12
Note that by utilizing interconnect contacts on both edges,
the power loss density is reduced by fourfold compared to
single interconnect contact design.
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